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Polyelectrolyte spin assembly (PSA) of multilayers is a sequential process featuring adsorption of oppositely
charged polyelectrolytes from dilute solutions undergoing spin-coating flow. Here, we report on the dependence of
PSA multilayer buildup of poly(sodium 4-styrenesulfonate) and poly(allylamine hydrochloride) on solution ionic
strength and spin speed. We observed that at a given spin speed, the PSA coating growth rate (thickness/bilayer) and
polymer surface coverage shows a nonmonotonic dependence on salt concentration, firstincreasing and then decreasing
with increasing solution ionic strength. This is argued to be a manifestation of two competing mechanisms responsible
for the layer formation. At low salt concentrations, the electrostatic interactions control the multilayer assembly
process, while at high salt concentrations it is dominated by shear flow. We explain this nonmonotonic behavior in
the framework of a Flory-like theory of multilayer formation from polyelectrolyte solution under shear flow. Additionally,
the PSA process led to multilayer coatings with a radial dependence on thickness at lower spin speed in the shear-
dominated regime. On increasing spin speed, such radial dependence subsided, eventually leading to uniform coatings
by planarization. The surface topography of the multilayered coatings adsorbed at salt concentration less than 0.1 M
was flat and featureless for all studied spin speeds. Unique morphological features in the films were formed at salt
concentration higher than 0.1 M, the size of which depended on the spin speed and solution ionic strength.

Introduction Typically, the thickness increment has been shown to be around
10-60 A per bilayer or deposition cycle. The thickness of the
multilayers assembled by the dipping LbL process is controlled
by solution pH, ionic strength, charge fraction of polyelectrolyte
(ionization), and solvent quali§it has also been established by
simulationd!*?that electrostatic and short-range interactions play
an important role in the LbL assembly process and that for the
total charges adsorbed during the deposition of a new layer,
eapproximately 50% of those charges neutralize the oppositely
charged substrate while the remaining 50% overcompensate (or
“overcharge”) the substrate. The latter is consistent with LbL

Layer-by-layer (LbL) assembly of polyelectrolytes on surfaces
has become a simple and versatile technique to produce
multilayered, multicomponent thin films, and the method has
been the subject of numerous reviews.Usually, such mul-
tilayered films are made by alternating immersion (“dipping”)
of a charged substrate into aqueous polyelectrolyte solutions of
opposite (i.e., positive/negative) charge with a rinse step in
between every deposition step. This process is repeated multipl
times to achieve film growth until the desired thickness or number
of “bilayers”. Here, a bilayer consists of an alternating deposition o - . .
of polyanion and polycation with an intervening rinse step. The groth at stea(.jy'sta}te. The simplicity of this technique, W!th
key to sustained growth of a coating by the LbL process is charge Practically no limitations on the shape of the charge-bearing
inversion and subsequent reconstruction of the surface propertie§Ub‘_°‘tlrate or polyelectrolyt_e paur, has _opened up applications in
after each deposition step. Experiments have shown a stepwis W'P'? Vﬁ”.ety of areas, |nclud|nsg blosensa’st)!ology an(_:i
increase of multilayer thickness or film mass, or surface coverage me?slcme, I'|ght-em|tt|ng sys}emé, elecyroarl?lyt|cal chemls-
with each deposition cyctehereby, referred as growth rate UV ° Selective area patternirigrug delivery;” free-standing

T ; e ilms,18 iomi izatiod? thers.
indicating a steady-state regime after each depositionéstép.  1IMS, gnd biomineralization; among many o .
g y g P P Despite such advantages, dipping-based LbL for multilayer
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conventional spin-coating metho#fs27 With this technique, a ~ was—0.34, a smaller (negative) value compared to that obtained
spin coater is used to adsorb the polyelectrolyte layers onto aforthe conventional spin-coating of noncharged polymer solutions
charged substrate by applying excess polyelectrolyte solution (usually,—0.5). This lower spin speed exponent was attributed
before or during the spinning, followed by a rinsing by exposure to the effect of strong electrostatic force observed by the
of the same spinning substrate to pure water. During the spinning,polyelectrolyte during the spin-coating flow, but no fundamental
most of the (excess) solution is expelled ostl(s) due to explanation has been given.
centrifugal forces, leaving a film with thicknessl um, following In contrast to the effect of polymer concentration, molecular
which the solution coating more gradually thins and dries over weight, and spin speed, salt concentration has a strong effect on
the course of 215 s. The whole deposition process of a single the multilayer buildup by PSA. For PSA assembly from
polyelectrolyte layer usually takes about-106 s compared to  polyelectrolyte solutions with no salt, the growth rate of the
the conventional 1630 min for the quiescent adsorption multilayer coatings by spin assembly is higher than the dipping
(“dipping”). This spin assembly (SA), or polyelectrolyte spin technique?® Such a trend in the growth rate of multilayers is
assembly (PSA), has been shown to produce more compact andeversed on addition of salt to polyelectrolyte solutions. Cho et
less intermixed layers with lower roughness compared to the al. 32 while studying the multilayer growth by PSA on patterned
films produced by the dipping proce¥sDue to the faster surfaces, had found that the growth rate of multilayers by PSA
processing time afforded by PSA, free-standing films have easily is lower than that deposited by dipping assembly on salt addition
been made for a wide variety of applicatiofig8 This method in the range of 0.1£1.0 M NaCl. They attributed this to strong
has been applied to build multilayered films consisting of synthetic desorption forces, specifically centrifugal and shear force, that
polyelectrolyteg?nanoparticled? dendrimerg! dye molecules? led to a pronounced effect of added salt on the polyelectrolyte
and surfactantd, among other charged species. conformation. However, no fundamental explanation or empirical
The mechanism of the polyelectrolyte adsorption for PSA is relation for the dependence of growth rate on spin speed and salt
different than the diffusion-controlled adsorption of the poly- concentration was suggested. Additionally, the same researchers
electrolytes in the dipping technique. For the PSA case, the have found that well-defined pattern shapes (“pattern quality”)
combination of the shear stress due to flow and electrostatic were obtained at an intermediate ionic strength of 0.4 M using
interactions between polyelectrolytes are the dominant factorsPSA. Lefaux et al?6 using UV—vis spectroscopy and AFM,
controlling the film structure. Several studies have reported the studied the dependence of the multilayer growth rate on the
effect of parameters like polyelectrolyte molecular weigt,  solution ionic strength at fixed spin speed of 3000 rpm. It was
concentratiort}-2*and spin spe€@2>27on the growth rate ofthe ~ found that the growth rate of polymer surface coverage and
multilayers formed by PSA. In series of papétd>27:39_ee and thickness increased rapidly with salt concentration up to 0.1 M
Cho have studied the effect of such parameters on the growthand then reached a constant value at higher ionic strengths. These
of multilayers by PSA. They observed that the growth rate dependsexperimental results were analyzed within the framework of the
weakly (logarithmically) on the polyelectrolyte molecular weight, Flory-like model of the multilayer assembly, which accounts for
with higher molecular weight polyelectrolytes showing lower both the effect of the electrostatic interactions between oppositely
growth rate?These findings were attributed to the denser packing charged chains within multilayers and chain deformation by shear
afforded by the low molecular weight as compared to the high flow. At steady-state multilayer growth, the model predicts that
molecular weight polyelectrolytes. The same group reported thatthe growth rate of polymer surface coverage per bilaljecan
the growth rate of the multilayers by PSA first increased with be described by the following equatfén
polyelectrolyte concentration up to 10 mM (based on repeat unit
molar mass) and then reached a constant value with no further c 12
dependence at higher polyelectrolyte concentration. In contrast, '~ am, (1)
the multilayer growth rate by PSA decreases with increasing the 7
spin speed, as reported in various studi$:2” Such PSA

h d fitti terg; is the sh te, arad
growth rate (absorbance per bilay€), dependence was fitted wherea andf; are fitting parameters; is the shear rate, a

N . ) is the salt concentration of the solution, including both added salt
to an empirical power-law functllon that coq5|sted of WO 4ng polyelectrolyte counterions. Equation 1 predicts two regimes
terms: poﬁlﬂyelectrolyte concentrationp} and spin speedu) of multilayer buildup by PSA: (i) at low salt concentration, the

([ ~ w°cy).?® The power-law exponent for polyelectrolyte  -1term dominates over the shear rate term (in the denominator),

concentrationf, was 0.78 for the concentration range ef10 predicting square root dependence of surface coverage on salt

mM. On other hand, the power-law exponent of spin speed,  concentrationl” [ ¢2, and (ii) at high salt concentration, shear
(20) Cho, J.; Char, K.; Hong, J.-D.; Lee, K.-Bdy. Mater. 2001, 13 (14), rate term dominates, predicting inverse square root dependence

1076-1078. of surface coveragd, 0 ¢ 2 The equation agreed reasonably

" _(%\};Eghiﬂ?'ﬂi' s dvA'ﬁ,.i?é‘?'ﬁ%figc(i‘éf"{‘ié#ﬁ?ﬁbe”S' J.B.; Robinson, J. \ye|| with experimental data of PSA at 3000 rfHowever, the

(22) Chiarelli, P. A.; Johal, M. S.; Holmes, D. J.; Casson, J. L.; Robinson, J. €Xperimental data of the growth rate measured at the disk center
M.; Wang, H.-L.Langmuir2002 18 (1), 168-173. for PSA process at this spin speed did not reveal the second
gig ki?,@I.;—Isﬁ.ghg‘eh%%moggl,ig.;:ﬁsgznaggzgggé%(zlf)%ﬁg%7596. regime of decreasing growth rate with salt concentration, as
(25) Cho, J.; Lee, S.-H.; Kang, H.; Char, K.; Koo, J.; Seung, B. H.; Lee, K.-B. predicted by eq 1. As we will show, this was due to the parameters

Polymer2003 44 (18), 5455-5459. : of the previous study that focused on PSA near the disk center
(26) Lefaux, C. J.; Zimberlin, J. A.; Dobrynin, A. V.; Mather, P.J..Polym. d lativelv | . d of 3000
Sci., Part B: Polym. Phys2004 42 (19), 3654-3666. (~1 mm) and a relatively low spin Speed o 3 rpm.
(27) Lee, S.-S.; Hong, J.-D.; Kim, C. H.; Kim, K.; Koo, J. P.; Lee, K.-B. In this paper, we extend the previous sttfdy consider the
Macromolecule2001, 34 (16), 5358-5360. f ; ;
(28) Jiang, C.- Markutsya. S.: Tsukruk, V. Xco. Mater. 2004 16(2), 157 comblnt_ed effects of both the PSA spin sp(_aed and salt concentration
161. on coating growth rate, morphology, thickness, and roughness
(29) Sohn, B.-H.; Kim, T.-H.; Char, KLangmuir2002 18 (21), 7776-7772. of multilayer coatings. Extending the range of spin speeds and

(30) Campbell, V. E.; Chiarelli, P. A.; Kaur, S.; Johal, M. Ghem. Mater.
2005 17 (1), 186-190.

(31) Joha, M. S.; Chiarell, P. ASoft Matter2006 3 (1), 34-46.

(32) Fou, A. C.; Onitsuka, O.; Ferreira, M.; Rubner, M. F.; Hsieh, BJR. (33) Cho, J.; Jang, H.; Yeom, B.; Kim, H.; Kim, R.; Kim, S.; Char, K.; Caruso,
Appl. Phys.1996 79 (10), 7501-7509. F. Langmuir2006 22 (3), 1356-1364.

disk radii explored, we found, for the first time, that increasing
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ionic strength actually results in a decrease in the growth rate solution was deposited on to the already spinning substrate. This
of the multilayers at higher spin speed and/or higher radial was done to ensure that the surface is entirely covered with excess
distance, each corresponding to an increased shear rate. Favorabelyelectrolyte solution before spinning the substrate. The delay
agreement with a Flory-like theory of multilayer formation from between the solution deposition on the substrate and the spinning
polyelectrolyte solution under shear flow, taking into account ©f Substrate in our case was typically 2 s. We are confident that
the effects of shear rate and ionic strength, will be shown to such short delay would not result in any adsorption similar to the

ide insiaht into the fund Is of polvel | d .~ quiescent case, since for the latter case the deposition generally
provide insightinto the fundamentals of polyelectrolyte adsorption e ires 16-20 min to reach equilibrium adsorption.

under the shear flow. The rest of the paper is organized as  Characterization. Film growth by PSA on quartz substrates was
follows: experimental procedures are discussed in section 2 andmonitored by measuring the increasing absorbance intensity of the
results and discussion are presented in section 3, followed by ourdistinct 7 to #* transition of PSS at 226 nm with UVWvis

conclusions in section 4. spectrometry (Varian Cary 50 UWis spectrophotometer). A clean
quartz disk with the same thickness was used as a reference for the
Experimental Section spectra, while the UV vis absorbance spectra were taken every two
) . L - or four cycles of consecutive deposition of PSS and PAH with a
Preparation of Multilayers. Quartz (1 diameterx */1¢" thick) rinse step in between. In contrast to PSS, PAH shows no detectable

discs (Chemglass) were used as the substrates for preparation ofaatyresin the UV-vis spectrum (196700 nm). Spatially, the UV
multilayered coatings by polyelectrolyte spin assembly. Substrates s spectrometer allowed measurements of the amount of PSS (surface
were treated with piranha solution (70:30 v/¥30,:H20,) at 60°C coverage) within the spot of the beam with diameter of 1 mm on
for 1 h, followed by sonication for 5 mirQaution: Piranha solution  the supstrate. This feature was exploited to examine the potential
is extremely corrosive, and special care must be taken during handlingyagial dependence of coating thickness. Thus, spectra were taken at
of such a solution). Substrates were then rinsed multiple times in yrecise radial positions of each disc after first aligning the beam to
ultrapure deionized (DI) water (Milli-Qp > 18 MQ cm) and dried. ~ the disk center and then displacing the disc using a custom-built
To produce a charged surface primed for polyelectrolyte adsorption, |inear translation stage. The growth rates of the multilayered coatings
alayer oflow molecular weight poly(ethyleneimine) (PEI) (Aldrich,  are reported from the PSS absorbance taken at 6 mm from the disc
CAS No. 025987068) (3 wt % solution in DI water) was deposited center, unless otherwise noted. The arrangement also allowed
on the substrate by spin coating at 5000 rpm for a duration of 15 measurements of multilayer growth rate at different radial positions
s (Laurell Technologies Corp., Model WS-400B-6NPP/LITE). Such o each substrate. The radial dependence of the UV absorbance,
asubstrate was then rinsed with DI water three times under the sameygch value being a measure of the amount of polymer adsorbed, was
spinning conditions to remove the loosely adsorbed PEI and obtain jnyestigated after deposition of 20 bilayers of the PSS and PAH for
a uniform layer of the positive charge on the substrate. It was found gzch combination of the spin rate and solution ionic strength at
that the multiple rinsing steps with DI water are necessary to remove cgnstant polyelectrolyte concentration.

the loosely adsorbed PEI from the substrate, since this irreproducibly  aAtomic Force Microscopy (AFM). Surface morphology, rough-
affects the initial growth rate of the LbL assembly before the steady pess, and thickness measurements of multilayers were obtained from
growth rate is achieved. For the growth of multilayers using PSA, he height images collected using contact-mode atomic force
poly(sodium 4-styrenesulfonate) (PS$)y(= 70 kDa) (Aldrich) microscopy (AFM) (Veeco Digital Instruments Dimension 3100
was used as polyanion and poly(allylamine hydrochloride) (PAH) scanning probe microscope). Measurements were performed on the
(My, = 15 kDa) (Aldrich) was used as polycation. The concentration jilayered coatings on the quartz after deposition of 32 bilayers
of both polyelectrolyte solutions was 0.01 M based on the molar for each set of spin speed and salt concentrations. Contact mode-
mass of each repeat unit of polymer (206 and 93.5 g/mol for PSS aApp can noninvasively probe multilayer surface morphol8ge

and PAH, respectively). Noting that th&Kpvalues for PSS and  gying to the high modulus and toughness of such coatings in the
PAH are ca. 1}5‘§md 8.5, respectively, the pH of each polyelectrolyte dry state?”:33 The surface roughness was quantified from the AFM
solution was adjusted to 3.5 using 0.1 M HCI. Thus, both solutions images using the imaging software (Veeco Instruments NanoScope

will contain polyelectrolytes that are nearly fully chargédihe 1) that calculates the surface roughness by the following equation
ionic strength of the polyelectrolyte solution (0.01 M) was varied

by adding NacCl to different concentration levels betw@eM (no
salt) and 1.0 M. In the text, we refer to different solutions based on
their NaCl concentration; however, it is worth noting that the total
ionic strength of the polyelectrolyte solutions includes both the
counterion concentration of the polyelectrolytes @M) and the whereR;, is the root-mean-square roughndsss the height value
added salt. of each pixel,h is the average height of all the pixels, aNds
Multilayer coatings by PSA on quartz substrate were made for number of pixels in the scan area. It is known that roughness
each combination of the spin speeds (3000, 5000, and 6000 rpm)measurements depend on several factors, such as scan size, image
and salt concentrations (0, 0.05, 0.1, 0.25, 0.5, and 1.0 M) using bow or sample tilt, and other correction procedures for tip convolution
polyelectrolyte (PSS or PAH) concentration at4™. Multilayers effects on the acquired imag#in these studies, all the images were
were constructed by following the procedure reported previdiisly. corrected for bowttilt using a first-order flatten function in the image
Briefly, the deposition process for each cycle, or bilayer, was software before the roughness measurements were analyzed. AFM
performed as follows: (1) several drops of PSS solution are placed images were taken as 1@n x 10um scans on the multilayer film
on the quartz substrate to completely cover the surface followed by on quartz substrate, and roughness calculations were then performed
spinning at a prescribed spin speed for 15 s, (2) two washing stepsover 5um x 5 um areas of the scan. The roughness values were
with DI water are accomplished using the same sequence as duringaveraged over six randomly selected areas covering the whole image.
step 1, (3) step 1 is repeated with PAH polyelectrolyte solution, and The same AFM tip and image processing algorithm were used for
(4) washing steps with DI water similar to step 2 are repeated. Theseall of the measurements to allow fair comparison of roughness values
steps were repeated multiple times until the prescribed number ofacross all samples.
deposition cycles was reached. We note that in our experimental
procedure, the polyelectrolyte solutions were first deposited on  (36) Menchaca, J. L.; Jachimska, B.; Cuisinier, F.; Peredoids Surf.,

substrate before spinning, in contrast to some reffonikere the A 2003 222 (1-3), 185-194. . .
P 9 (37) Richert, L.; Engler, A. J.; Discher, D. E.; Picart, Blomacromolecules

2004 5 (5), 1908-1916.

@

(34) Lvov, Y.; Price, R.; Gaber, B.; Ichinose @olloids Surf., A2002 198— (38) Picart, C.; Senger, B.; Sengupta, K.; Dubreuil, F.; Fergg@éloids Surf.,
200, 375-382. A 2007, 303 (1-2), 30-36.
(35) Johal, M. S.; Casson, J. L.; Chiarelli, P. A.; Liu, D.-G.; Shaw, J. A.; (39) Kiely, J. D.; Bonnell, D. AJ. Vac. Sci. Technol. B997, 15 (4), 1483~

Robinson, J. M.; Wang, H.-LLangmuir2003 19 (21), 8876-8881. 1493.
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14 os multilayer buildup for each experiment, we have followed the

' Sost growth process by completing up to 32 deposition cycles. The
goar steady-state growth rate was measured for each sample by linear
gOo3T regression of the absorbance values between the 10th and 32nd
§°'2' deposition steps. This allows comparison of the amount of
< z; S polyelectrolyte adsorbed (or surface coverage) per deposition

0 5 10 15 20 25 30 35 cycle at steady-state for a range of spin rates and salt concentra-

Number of Bilayers tions for the PSA process. Previously, it has been shown that the
linear growth of the adsorbed amount of PSS measured by UV
vis spectrometry was consistent with the thickness growth
measurements obtained by APMand ellipsometrs? for the
same polyelectrolyte pair deposited at 3000 rpm.

Absorbance (a.u.)

200 220 240 260 280 First, we consider the impact of added salt on PSA growth rate
Wavelength (nm) for several spin speeds. Figure 2 shows the growth of polymer
Figure 1. Absorbance versus wavelength for PSS/PAH 1, surface coverage with the number of bilayers at different salt

pH 3.5) films deposited by PSA using a salt concentration of 0.05 concentrations for PSS/PAH films spin assembled at (a) 3000
M and spin speed of 5000 rpm for different number of bilayers, rpm, (b) 5000 rpm, and (c) 6000 rpm. The curves follow a similar
shown in parentheses. The inset shows absorbadpee£ 226 nm) linear growth pattern as seen previously in Figure 1 (inset), where

intensity versus number of bilayers for the same assembly. The solid i . inth | f ith th b
line is a linear regression of the data set after the 10th bilayer (closed@'IN€ar increase intne polymer surface coverage with the number

circles) and the dashed line is the regression of the data up to theof deposition cycles was observed after the completion of eight
eighth bilayer (open circles). deposition cycles or bilayers. The difference in the initial slopes
' ~ofallthe curves s attributed to the difference between the initial
AFM-based thickness measurements were performed by first syrface charge and the overcharging achieved after each deposition
tehtc?mg atpotrtlop (t)rf]the f"T ugggtthte sgatrp e?g%of a}VIrazor blade 4t given conditions of spin speed and salt concentration, as was
at penetrates to the quartz substrate (but no furtRéfiM scans —— inie ot earlier. The different initial absorbance growth rate
of 50um x 50 um were performed on a region including the bare ompared to the steadv-state arowth rate is further evidenced b
quartz, and the thickness was determined by the average heighlc P . y growtnrate IS fu viden Y
difference between the areas with and without the multilayered the nonzerg-intercepts of the regression lines shown in Figure
coatings. 2. Unlike the initial growth rate, which depends on the primer
layer, the growth rates at the later stage signifies the effect of
Results and Discussion deposition conditions and are reproducible for each set of

The growth rate of the multilayer film deposited by the PSA _deposition_ conditions. In all cases, we have observed a linear
technique was followed by growth of the PSS absorbance peaki"créase in polymer surface coverage with the number of
at 226 nm using UV-vis spectroscopy. Figure 1 shows the _depc_)smon cycles after several initial deposition cycles, as seen
representative evolution of the absorbance spectra for PSS/PAHN Figure 2.
multilayers deposited at a salt concentration of 0.05 Mand aspin  The growth rate of the multilayer coatings in the linear steady-
rate of 5000 rpm with increasing deposition cycle number. Each state regime shows a nonmonotonic dependence on the salt
absorbance spectrum was measured at a distance of 6 mm frongoncentration at a given spin rate. Figure 3 shows such behavior
the center of the disc in order to elucidate the effect of shear rate.in the absorbance growth rate for the range of the salt
The absorbance value (the peak amplitude) at 226 nm (Figureconcentrations and spin rate. Here, the growth rate was taken as
1, inset) shows a linear growth after completion of eight deposition the slope at steady state (late stage) for data sets shown in Figure
cycles. Forthe first few layers the absorbance values have different2. We see that the growth rate first increases rapidly with salt
initial slope compared to the later stage of steady-state regime.concentration foc < 0.1 M, reaches a peak near 0.25 M salt
This is consistent with prior studies, which have revealed that concentration, and then decreases. The rapid increase in the growth
a steady-state linear growth regime is usually observed in therate at low salt concentrations is quite similar for all spin rates
experiments after completion of the first few deposition cycles studied. However, the salt concentration dependence of the growth
for the case of dipping assemfihand PSAZ2 The growth rate rate at higher salt concentrationthe decreasing regimeshows
difference at early stagesn this case a higher growth ratés strong dependence on the spin speed. In this salt concentration
believed to result from the difference in surface charge density regime, the growth rate decreases faster for the multilayers built
of the substrate compared to the natural overcharging at theat higher spin speeds. The observed trend in the dependence of
steady-state regime. growth rate indeed follows the predicted form for polymer surface

Overcharging-thatis, the overcompensation of surface charge coverage given by eq 1 (in which the salt concentratipshould
by ca. 50% during adsorption of oppositely charged polyelectro- include both the concentration of added salt and concentration
lyte—is observed for steady-state growth as reported for®SA of polyelectrolyte counterions).
and from simulation*#!In experiments, this difference in growth Indeed, our observation confirms the existence of two
rate has been observed for deposition from two to 16 deposition competing mechanisms for the multilayer buildup process using
steps, depending on the substrate and the polyelectrolyt€p#irs.  psSA: alow salt regime of increasing growth rate and a high salt
Nevertheless, after the linear (regular) growth regime is achieved, regime of decreasing growth rate. In the first regime, at low salt
the slope does not change for subsequent deposition cycles, evegoncentrations; < 0.1 M, the adsorption of polyelectrolytes is
for 50 deposition cycles at 5000 rpm from polyelectrolyte solutions controlled by electrostatic interactions between charged chains.
with 0.1 M salt concentration (see Supporting Information, Figure The multilayer assembly in this salt concentration regime is similar
S1). In order to study the linear steady-state growth rate of the to the quiescent LbL assembly. It is known that for dipping

(40) Schienoff, 3. B.. Dubas, 5. Macromolecule001, 34 (3), 592598 (quiescent) Il_bL assembly, the_ multilayer growth rate steadily

(41) Jeon, J.; Panchagnula, V.: Pan, J.: Dobrynin, ALahgmuir2006 22 increases with salt concentration. Dubas and Schléihaffe .
(10), 4629-4637. shown that for the dipping LbL assembly the growth rate varies
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Figure 2. Dependence of the absorbancéafx (226 nm) on the
number of deposition cycles from PSS/PAH solutionp &

1072 M, pH 3.5) at spin speeds of (a) 3000 rpm, (b) 5000 rpm, and
(c) 6000 rpm and salt concentratioh®M (closed circles), 0.1 M
(open circle), 0.25 M (closed triangle), 0.5 M (open triangle), and
1 M (square). The UWvis absorbance is measure at 6 mm from
the center of the quartz substrate. Solid lines represent linear
regressions of the data after the 10th bilayer.

linearly with salt concentration, while Decher and L¢®and
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Figure 3. Dependence of the absorbance growth rate on salt
concentration for multilayered films prepared with the polyelectrolyte

spin assembly method at 3000 rpm (squares), 5000 rpm (circles),
and 6000 rpm (triangles). The growth rate is measured at 6 mm from
the center of the substrate. The solid lines are the best fit to eq 1.

concentration is predicted for quiescent (dipping) assembly at
low ionic strength*46by using the Flory-type theorf.At high

ionic strength¢ > 0.5 M) Castelnovo and Joarftihave predicted

a linear dependence on salt concentration for quiescent LbL
assembly.

The second regime occurs at higher salt concentrations. In this
regime, the growth rate of the polymer surface coverage decreases
with increasing the salt concentration. According to our méglel,
and following similar work on polymer brushé%jn this salt
concentration range the shear flow created by the rotating disc
is capable of deforming the adsorbing chains and works against
the electrostatic attraction between oppositely charged groups
favoring chain’s adsorption. It is known that polymer surface
coverage in PSA exhibits significant radial dependetiaiye
to the fact that the shear rate depends on radius in spin-coating
flow. The shear rate increases linearly with the distanitem
the center of the rotating disc according to an approximation
close to the surfade*®

®3)

wherey is the viscosity of the polyelectrolyte solution,is the
angular velocity of the rotating disc, afdis the thickness of

the “thinning” polymer solution. Indeed, the growth rate measured
further away from the disc center (at 8 mm) for spin speed of
3000 rpm shows an even more pronounced effect of shear rate
(see Supporting Information, Figure S2). In our previous study
at 3000 rpn?8it was reported that the growth rates of multilayers
measured by UV vis spectroscopy and AFM showed a plateau
for salt concentrations higher than 0.1 M. We note that
observations in that study were made at the disk center, whereas
those for Figure 3 were measured 6 mm from the disk center,
a higher shear rate position (eq 3), allowing resolution of a shear

Y= pa)zrh/n

otheré344have observed that the growth rate increases as a squarglow effect at higher salt concentrations.

root of the salt concentration. The addition of the salt screens
the electrostatic repulsion between similarly charged groups,

The radial dependence of the polymer surface coverage in
multilayer coatings by PSA was followed by the PSS absorbance

increasing the thickness of the adsorbed polyelectrolytes. Suchmeasured after completion of 20 deposition cycles. Such

screening and swelling of polyelectrolyte thickness in multilayers
result in additional adsorption of polymer chains to maintain the
required overcharging of the surface and layer grot®th.

Quantitatively, the square root dependence of growth on salt

(42) Lvov, Y. M.; Decher, GKristallografiya 1994 39 (4), 696-716.

(43) Ruths, J.; Essler, F.; Decher, G.; Riegler,Lldngmuir200Q 16 (23),
8871-8878.

(44) Steitz, R.; Leiner, V.; Siebrecht, R.; Klitzing, R. \Zolloids Surf.A:
Physicochem. Eng. Aspe@60Q 163 (1), 63-70.

measurements are a good measure of PSA growth rate, though

(45) Ladam, G.; Schaad, P.; Voegel, J. C.; Schaaf, P.; Decher, G.; Cuisinier,
F. Langmuir200Q 16 (3), 1249-1255.

(46) Losche, M.; Schmitt, J.; Decher, G.; Bouwman, W. G.; Kjaer, K.
Macromolecules 998 31 (25), 8893-8906.

(47) Castelnovo, M.; Joanny, J. Eangmuir200Q 16 (19), 7524-7532.

(48) Harden, J. L.; Cates, M. IPhys. Re. E: Stat. Phys., Plasmas, Fluids,
Relat. Interdiscip. Top1996 53 (4B), 3782-7.

(49) Alfred, G. E.; Francis, T. B.; Leslie, G. B. Appl. Phys1958 29 (5),
858-862.
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~035F I { 1+ g(wn)??
S f
vg 0.30 : \:::\\\ wherel'o and¢ are fitting parameters. However, the absorbance
o [ TSI value at 2 mm from the disc center for the case of 0.5 and 1.0
Q r \\\?::\ - M salt concentrations in Figure 4a, though reproducible, does
§ 025 - \‘?\ not conform to this functional form. This may be due to the
s L, . . . : combined eff_ect of higher curvature at low radius and the f_airly
2 020l large spot size (1 mm) used to measure absorbance in the
r spectrophotometer. Nevertheless, the reasonable fit of the radial
3 1 1 1 (la) data at 3000 rpm gives an indication of shear rate dominance at
0.15

high salt concentrations. Such radial dependence was also
observed in our previous stud§yChiarelli et al?! have studied
the radial dependence of the multilayer coatings assembled at
3000 rpm from salt-free solutions for weak polyelectrolyte pairs
of PEI and poly[1-[4-(3-carboxy-4-hydroxyphenyl)azobenze-
nesulfonamide]-1,2-ethandilyl) (PAZO). They found that the film
thickness, measured by ellipsometry, has weak dependence on
radius, unlike the uniform coatings observed in our study from
o salt-free polyelectrolyte solutions. This difference might be due
g to the difference in charge density of the polyelectrolyte chains
compared to the fully charged polyelectrolytes used in our study.
. As we mentioned earlier for PSA, the surface-localized shear
flow may deform the adsorbed polyelectrolytes and compete
i (b) with the electrostatic interactions. Thus, partially charged
0.15 ! ! ! ! polyelectrolytes can have strong shear rate dependence compared
0 2 4 6 8 to fully charged polyelectrolytes. A detailed analysis of the effect
Radial Distance (mm) of the polyelectrolyte charge density on multilayer uniformity
(radial dependence) is beyond the scope of the present study, but
r does warrant future attention.
0354 i } E £ Increasing the spin speed leads to stronger radial dependence.
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025 dominance of the electrostatic interactions in the layer buildup.
L At higher salt concentration, 0.5 and 1.0 M, the radial profile is
020 F different than that seen for similar salt concentrations at 3000
I rpm. Compared to Figure 4a, for radius: 4 mm, the polymer

[ (c) - .
0.15 [ . . , ) sgrface coverage is decr_eased, th_ough not as much for radial

0 2 4 6 8 distance > 4 mm. Increasing the spin speed to 6000 rpm further

Radial Distance (mm) lowers the polymer surface coverage at smaller radii4 mm),
Figure 4. Radial dependence of the absorbance of PSS/PAH film Producing essentially flat uniform layers at higher salt concen-
at different salt concentrations: 0 M (filled circles), 0.1 M (filled  trations (Figure 4c). There is negligible radial dependence of the
triangles), 0.5 M (open circles), and 1.0 M (open triangle) at (a) polyelectrolyte surface coverage, even for the highest studied
3000 rpm, (b) 5000 rpm, and (c) 6000 rpm. Each point is averaged salt concentration of 1.0 M. Thus, the decrease in polymer surface
for the four different azimuthal angles. The dashed lines in part a ¢oyerage with increasing spin speed is more pronounced at smaller
g;eztg%te)%s(,)tsf:':itgnth&ﬁ%i. Allmeasurements are taken aftercompletlonradii. We believe that this is due to the fact that the shearing flow
' can stretch the polyelectrolyte chains only to a finite extent. In

not a direct one due to the bilinear nature of multilayer growth analogy to the case of polymer solutiéher tethered polymer
shown in Figures 1 (inset) and 2. Figure 4 shows the radial chalnélexposed to eIongatlon_aI flow, therg should exist a critical
dependence of polymer surface coverage for multilayers at deformation rate beyond which the chain has fully extended
different salt concentrations and spinning speeds of (a) 3000 conformation on surface, thus showing no further effect of shear
rpm, (b) 5000 rpm, and (c) 6000 rpm. At lower salt concentrations, fate on the coatings. The shear rate in PSA depends on the spin
c=0and 0.1 M, and a spin speed of 3000 rpm (Figure 4a), the SPeed and radius acqo_rdlng to eq 2. For multilayers as_sembled
radial profile is essentially flat, suggesting a uniform polyelec- at 5000 rpm, such critical shear rate is apparently achieved at
trolyte surface coverage. This is another indication of the radiusr ~4 mm. Onincreasing the spin speed, the critical shear
dominance of the electrostatic interactions in the low salt 'ate, corresponding to full extension of the polyelectrolyte chains,
concentration regime. However, the growth rate of polymer iS achieved at smaller radial distance (see eq 4), as seen by the
surface coverage shows radial dependence for the salt concentrsd€crease in absorbance at lower radius for films assembled at
tions of 0.5 and 1.0 M (Figure 4a), withdecreasén coverage ~ 6000 rpm (Figure 4c). This eventually leads to a planarized
with incrgasing radius.. This fungtional fqrm of the radigl profile (50) Larson, R. GJ. Rheol.2005 48 (1), 170
can be fitted by following equation obtained by substituting g (51) perkins, T. T.; Smith, D. E.; Larson, R. G.; Chu,Sgiencel995 268
3ineql (5207), 83-87.
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§ Figure 4b shows the effect of salt concentration on the radial
Foaok dependence of the multilayered coatings at 5000 rpm. At low
= salt concentration(= 0 and 0.1 M), the variation of polymer

38 surface coverage with radius is uniform, further confirming the
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coating, as observed for higher shear rate and salt concentrations (a)
The conventional spin-coating method of the uncharged polymers

has been shown to produce such highly planarized coatfnegfs.
Thus, the shear stress affects the adsorbed polyelectrolyte chains
conformations and thereby affects the surface coverage and
growth rate.

In the light of the effects described above, we reasoned that
the impact of shear stress on polyelectrolyte adsorption may be
nonlocal and impact the surface morphology. Thus, contact-
mode AFM was used to investigate the effect of the spin speed
and salt concentration on the surface morphology, roughness,
and thickness of the multilayered coatings. The data were collected
after completion of 32 deposition cycles at a radius of 6 mm
from the disk center. We found that the roughness of the multilayer
coatings increases monotonically with the salt concentration at
a fixed spin speed, unlike the nonmonotonic behavior observed
for the growth rate of the same multilayered coatings. Figure 5
shows the surface topography obtained by AFM at different salt 25 5.0 7.5 10.0
concentrations (a) 0 M, (b) 0.1 M, and (c) 1.0 M and at the spin -
rate of 5000 rpm. The PSA multilayer coatings deposited from
salt-free solutions are very smooth, with a root-mean-square (b)
(rms) roughness value equal to 1.31 nm. As the salt concentration
is increased to 0.1 M, the surface roughness increases (Figure
5b), with a rms roughness at this salt concentration tripling to
3.94 nm. Upon further increasing salt concentration to 1.0 M
(Figure 5c), the rms roughness increasd® times, compared
to the multilayers assembled from salt-free solution, to 10.12
nm. A similar increase in the roughness of multilayered coatings
with increasing ionic strength has been observed with AFM studies
of dipping assembf-56 and for the PSA at 3000 rpfS.In a
previous study of dipping LbL assembily,wormlike (or
“vermiculate”) patterns were observed for those coatings
deposited from solutions with 1.0 M NaCl concentration. Those
features were-50 nm in height, 200 nm in width, and had rms
roughness o0f-20 nm. In the present study, for PSA at 5000 rpm
and 1.0 M NaCl concentration (Figure 5c¢), the features-at@
nm in height,~450 nm in width, and with a much lower rms -
roughness of10 nm. Thus, the spinning of the substrate produces ° 2.3 50 L3 10.0
features that are broader and flattened as compared to the films =
obtained quiescently at the same solution ionic strengths.

These characteristic features become less pronounced at highe (C)
spin speeds. The multilayered coatings spin-coated at 6000 rpm "
and salt concentration of 1.0 M have featurekb nm in height
and~350 nm in width with mean square roughness of around
7 nm (see Supporting Information, Figure S3). It is known that
an increase in the salt concentration increases the characteristis
features size® Shear tends to flatten out the features, increasingly
at higher spin speeds. These characteristic features of the
multilayered coatings at high salt concentrations might give an
additional clue in understanding the construction of the multi-
layered coatings under the effect of shear flow.

In order to quantify for the AFM measurements, the height-
histogram analysis was employed. Figure 6 shows the film height
distribution function obtained from AFM images taken for the |
multilayered coatings at different salt concentrations at 5000
rpm. We observe that coating roughness increases with increasing = 4
salt concentration, as indicated by the increase of the width of _" .

10.0 50.0 nm

the height distribution functions. The height distribution function 2.5 5.0 7.5 10.0
- Figure 5. Dependence of the roughness of PSS/PAH films on salt
s ZES(ZgAS)tlggggo;é;E.; Larson, R. G.; Taylor, G. Bl.Electrochem. S04987, concentration at 5000 rpm. AFM measurements are taken at 6 mm
* : from the center of the disk after completion of 32 deposition cycles
(53) Stillwagon, L. E.; Larson, R. G. Appl. Phys1988 63(11), 5251-5258. . . .
(54) Stillwagon, L. E.; Larson, R. ®hys. Fluids AL99Q 2 (11), 1937-1944. at different salt concentrations: (a) 0 M, (b) 0.1 M, and (c) 1 M.
1700) aseasa. A Smvor, M Budnik Vi Goh, M. d.angmuir2001 for coatings deposited from solutions with salt concentration 1.0

(56) Dubas, S. T.; Schlenoff, J. Bangmuir2001, 17 (25), 7725-7727. M was very broad, indicating a rough coating compared to the
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Figure 6. Peak-valley height distribution functions measured from Figure 8. Thickness of the PSS/PAH multilayer coatings at 6 mm

the AFM images at 5000 rpm and different salt concentrations. from the center of the substrate after deposition of 32 bilayers at
The width of the solid line is the full width at half-maximum 6000 rpm. The solid line is the fit to the eq 2.

(fwhm) and the dashed line represents the width of the rms roughness.

The inset shows the fwhm at different salt concentrations. using UV—vis absorption measurements (Figures 1 and 2). As
one example, Figure 8 shows AFM-measured thicknesses for

12 multilayered coatings after completion of the 32 deposition cycles
from PSS/PAH solutions at 6000 rpm and different salt
1o % concentrations. The measured film thickness features a non-
E monotonic dependence on salt concentration similar to one
E 8 obtained for polymer surface coverage by-t¥s measurements
Q $ (see Figure 3). The thickness increases with increasing salt
'§) 6 concentration for the range of salt concentrations below 0.1 M
& 5 and then decreases at higher salt concentrations 0.5 and 1.0 M.
] 4r 0 The salt concentration dependence of the film thickness is also
o N in a good agreement with the predictions of the scaling model
2r 5 . of Lefaux et al 28as given by eq 1, thus confirming the existence
Q of the two regimes of electrostatic dominance at lower salt
0 ; : ; concentration and shear dominance at high salt concentration.
0.001 0.01 0.1 1
oo (M) Conclusions
Figure 7. Dependence of film roughness on the salt concentration
after completion of 32 deposition cycles of (PSS/P4sH) Cp = We have studied the combined effect of spin speed and salt

102 M, pH 3.5) for 5000 rpm (circles) and 6000 rpm (triangles). concentration on the growth, morphology, thickness, and
roughness of the multilayer coatings made by sequential spin
narrow distribution for films assembled from salt-free solutions coating from polyelectrolyte solutions, termed polyelectrolyte
(0 M) at the same spin rate. The width of the peak at the half- spin assembly. The growth of the multilayered coatings shows
maximum height is shown by the solid lines in Figure 6 and a nonmonotonic dependence on ionic strength, first increasing
plotted in the inset, while the dashed horizontal lines representand then decreasing with increasing solution ionic strength. We
the rms roughness. The insetindicates that the coating roughnessonclude that this behavior is a manifestation of two competing
increases almost linearly with the salt concentration, which is in mechanisms for the multilayer assembly process, electrostatic
agreement with the previous studies for the dippiagd PSAS interactions dominating film growth at low ionic strengths and
at 3000 rpm. shear flow dominating at high ionic strengths. This can be
The dependence of rms roughness (eq 2) on ionic strength isexplained in the framework of the Flory-type the®rpf the
plotted in Figure 7. This figure shows that the roughness of multilayer adsorption that takes into account the formation of
coatings made at a higher spin rate (6000 rpm) is significantly the ionic pairs between oppositely charged chains and chain
lower than that for coatings assembled at 5000 rpm for all salt deformation in the external shear flow created by a rotating disc.
concentrations. Furthermore, the rms roughness increases sharplyhe scaling equation fits our experimental data for the growth
at the salt concentration above 0.5 M for both spin speeds of of the multilayer surface coverage and multilayer thickness at
5000 and 6000 rpm, as seen in Figure 7. On comparison, thethe multilayer at different spin speeds reasonably well. Ad-
roughness values of the multilayered coatings obtained by ditionally, while the multilayered coatings do not show a radial
dipping®®and by PSA at 3000 rpfhare higher than those values  dependence, for the multilayers made at low salt concentrations
achieved for spin speeds of 5000 and 6000 rpm in the presentbelow 0.1 M, independent of spin speed, a strong radial
study. Given the findings on growth rate dependence as influenceddependence was observed at higher ionic strengths, with coverage
by the combined effects of added salt and shear flow, we reasondecreasing radially. This radial dependence of polymer surface
that the observed decrease in the coating roughness is eaoverage,ingood agreementwith our model for PSA, is concluded
manifestation of the shear flow impact on chain conformations to be due to the linear increase of the local shear rate with distance
and larger scale of the adsorption structures. r from the disc center. However, further increase of the spin
Finally, AFM was used in a profilometric manner to quantify speed to 6000 rpm leads to planarization of the film and almost
the thickness of the multilayers by PSA to confirm the existence uniform polymer surface coverage over the entire disc. Itis argued
of the two regimes as predicted by our model and as witnessedthat the influence of shear is bounded, perhaps by full chain
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features are less pronounced for the multilayers formed by the

spin-assembly than quiescent adsorption at the same salt ) . .

concentrations. The feature size of the multilayered coatings at  Supporting Information Available: (1) growth of PSS/PAH
high ionic strength decreases upon increasing the spin Spe(_;.d[nult?layers by PSA process up to 50 bilgyers indicating steady-state
further confirming the effect of the shear rate on the chain Multilayer growth, (2) growth rate of multilayers by PSA at 3000 rpm
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spin rate are two parameters that allow control over the growth tions of mult_llayers by PSA at GOQO rpm. This material is available free
rate and film thickness during multilayer assembly by the spin- of charge via the Intemet at hp://pubs.acs.org.
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